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Abstract
Many towns and cities use passive samplers (diffusion tubes) to monitor nitrogen dioxide (NO2) concentration. However,
literature studies have shown large horizontal and vertical concentration gradients for diffusion tubes placed over short distances,
raising concerns over the representativeness of monitoring locations. This study examines variations in NO2 concentrations with
height at two roadside locations along a busy urban road in Newcastle upon Tyne (UK) over an 8-month period. NO2 concen-
trations were passively monitored at building facades (approximately 7.0 m from the roadside) at heights of 0.7 m, 1.7 m and
2.7 m to replicate child breathing height in prams and buggies, adult breathing height and the Newcastle City Council sampling
height (for 2017), respectively. Paired t tests indicated that NO2 concentrations were significantly lower at 2.7 m (4.7% lower,
n = 16, p = 0.001) and 1.7 m (7.1% lower, n = 14, p = 0.007) compared with those at 0.7 m. There was no statistically significant
difference between NO2 concentrations measured at 2.7 m and 1.7 m, indicating that UK local authority practice of placing
diffusion tubes at higher than adult breathing height does not result in underreporting of NO2 concentrations for regulatory
purposes. The results have clear public health implications as they provide evidence that young children, in an urban setting and
close to busy roadways, may be exposed to higher NO2 concentrations compared with adults in the same location. We have
shown that such differences might not be adequately reflected in the monitoring data from municipal authorities.
Keywords Nitrogen dioxide (NO2) . Palmes-type diffusion tubes . Passive sampling . Child and adult breathing height . Vertical
fall-off in concentration
Introduction
Elevated traffic-derived nitrogen dioxide (NO2) concentra-
tions in urban areas have been linked to increased incidences
of both mortality and disease (Atkinson et al. 2018;
Committee on the Medical Effects of Air Pollutants 2018;
Mills et al. 2016; WHO 2006). Of particular concern are the
adverse health effects of NO2 on children (Esposito et al.
2014; Favarato et al. 2014; Gaffin et al. 2018), given that
many schools are located in areas that breach air quality guide-
lines for NO2 (Guerriero et al. 2016; Salonen et al. 2019). To
help protect the public against the health effects of NO2, the
World Health Organization (WHO) has set guideline values of
40 μg m−3 and 200 μg m−3 for long-term (annual) and short-
term (1-h) exposures respectively. The European Union and
the UK use the same values (Beckwith et al. 2019).
Nevertheless, there is evidence that NO2 is associated with
health effects at concentrations that are well below the guide-
line values, even as low as 5 μg m−3 (Committee on the
Medical Effects of Air Pollutants 2018).
Recent UK government statistics show that road sources
contribute 34% of the total emissions of nitrogen oxides (NOx)
in the UK, with energy generation; domestic and industrial
sources; and other transport sources contributing 22%, 19%
and 17% of the total respectively (DEFRA 2019a). At loca-
tions immediately adjacent to roads, 80% of the total NOx
emissions are contributed from road sources (DEFRA
Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11869-020-00909-4) contains supplementary
material, which is available to authorized users.
* Michael E. Deary
michael.deary@northumbria.ac.uk
1 Department of Geography and Environmental Sciences, Faculty of
Engineering and Environment, Northumbria University, Ellison
Building, Newcastle upon Tyne NE1 8ST, UK
2 Public Safety, Regulation and Development, Newcastle City
Council, Civic Centre, 7th Floor, Barras Bridge, Newcastle upon
Tyne NE1 8QH, UK
Air Quality, Atmosphere & Health
https://doi.org/10.1007/s11869-020-00909-4
2019a). The NO2 component of the total NOx emissions com-
prises primary and secondary sources. Primary NO2 is the
fraction of NOx emitted from a car exhaust that is already in
the form of NO2. Over the last two decades, the fraction of
NOx emitted in the form of primary NO2 has increased signif-
icantly, from below 0.1 for vehicles manufactured before
1998, to well over 0.3 more recently (Carslaw et al. 2019),
with some studies quoting as high as 0.7 (Keuken et al. 2012).
Increased numbers of diesel vehicles on the road, with
their widespread use of catalytic emission control technol-
ogies, are largely responsible for the increase in the frac-
tion of NOx released as primary NO2 from car exhausts
(Carslaw et al. 2019). Emission control by techniques
such as selective catalytic reduction (SCR) oxidises NO
to NO2, which is then used to oxidise the incomplete
combustion products produced by the engine, i.e. CO,
hydrocarbons and particulate matter, thus reducing the
emission of these harmful pollutants and also increasing
the amount of NO2 released (Carslaw et al. 2019). Other
emission control technologies include lean NOx traps
(LNT), where NOx is reduced to ammonia and water;
LNT tends to produce higher NO2 emissions than SCR
(Carslaw et al. 2019). Once emitted from the vehicle ex-
haust, NO that has not been oxidised reacts very quickly
with tropospheric ozone to produce secondary NO2
(Clapp and Jenkin 2001), with a large proportion of this
reaction thought to occur on the road, over a duration of a
few seconds (Yang et al. 2018). Nevertheless, NOx emis-
sions from vehicles are reducing as cleaner vehicles enter
the overall vehicle stock (Carslaw et al. 2019; Keuken
et al. 2012).
Municipal authorities monitor NO2 concentrations using a
combination of instrumental and passive methods.
Instrumental techniques, such as the reference method of
chemiluminescence (Clapp and Jenkin 2001), allow accurate
and precise determination of NO2 concentrations, with a high
temporal resolution. Nevertheless, the high cost of such sys-
tems tends to restrict their geographical coverage (Pannullo
et al. 2015). Passive techniques, such as Palmes-type diffusion
tubes, allow a much more extensive spatial monitoring reso-
lution. However, the requirement that the tubes be exposed for
several weeks means that they are suitable only for monitoring
against long-term ambient standards (exceedances of 1-h stan-
dards can be implied if annual average concentrations at dif-
fusion tube locations exceed 60μgm−3 (DEFRA 2016; Laxen
and Marner 2003)). Diffusion tubes are also less precise than
instrumental techniques and may have inherent biases (Heal
et al. 2019).
Notwithstanding concerns over the performance of diffu-
sion tubes, municipal authorities in many countries use them
as an essential component of the local air quality management
(LAQM) process (AEA Energy and Environment 2008).
Typically, exposure of the tubes occurs over 4- or 5-week
blocks (AEA Energy and Environment 2008) before being
replaced, allowing NO2 determinations at monthly and yearly
resolution.
UK Government guidance on the siting of diffusion tubes
lists the following specific categories of site: kerbside (within
1 m of the kerb), roadside (between 1 and 5 m from the kerb
edge, though in some circumstances, up to 15 m (DEFRA
2016)) and urban or suburban background sites (greater than
50m frommain roads) (AEA Energy and Environment 2008).
The diffusion tubes are mounted on street furniture or building
facades, as appropriate, with spacers used to ensure unimped-
ed airflow around the tube (AEA Energy and Environment
2008). Diffusion tube monitoring strategies are used to eval-
uate the performance of air quality management plans and will
typically utilise dozens of diffusion tube locations across a
city. For example, Newcastle City Council (NCC), in 2018,
used 53 diffusion tube locations, as well as four automatic
monitoring stations that were also capable of measuring
NO2 (Newcastle City Council 2019). Having such large num-
bers of monitoring locations reporting NO2 concentrations
year-on-year provides the spatial resolution needed to assess
the effectiveness of air quality improvement measures.
Nevertheless, there is much literature debate about the var-
iations in NO2 and other pollutant concentrations over dis-
tances as short as several metres, and the implications that this
might have for representative siting of diffusion tube locations
(Amato et al. 2019; Beckwith et al. 2019; Borge et al. 2016;
Pannullo et al. 2015; Vardoulakis et al. 2011). For example,
Borge et al. (2016) found NO2 gradients as high as
2 μg m−3 m−1 during a high spatial resolution monitoring
survey at a busy roundabout in Madrid. Significant temporal
variations in PM10 were also observed (as high as
55μg m−3 min−1). Similarly, in a diffusion tube survey carried
out in York, UK, Beckwith et al. (2019) found significant
differences in NO2 concentrations between road stretches that
were associated with acceleration, queuing or cruising. As
well as the position of the monitoring location along a road
with respect to junctions and pedestrian crossings etc., there is
also the question of the fall-off in NO2 concentrations with
distance from the kerb and the implications that this has for the
reporting of representative exposure concentrations. The rate
of fall-off is often reported as fitting an exponential equation
(Kenagy et al. 2016) but is very much dependent on the local
building infrastructure, such as the presence of street canyons
(Amato et al. 2019; Borge et al. 2016). Consequently, ‘halving
distances’ for NO2 concentrations have been reported to range
from 25 m (± 35 m sd) for Barcelona (Amato et al. 2019) to
over 100 m for Birmingham (Vardoulakis et al. 2011) and
York (Beckwith et al. 2019). Of more relevance to the current
study is the observation by Vardoulakis et al. (2011) that the
annual mean NO2 concentrations in Birmingham were 21%
higher for lamppost mounted diffusion tubes compared with
those attached 5 m away on building facades.
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As well as considerations over the spatial positioning of
NO2 monitors, the height at which they are mounted has also
been shown to have a significant influence on the reported
NO2 concentration (Amato et al. 2019; Barratt et al. 2018;
Cheong et al. 2012; Eeftens et al. 2019; Kenagy et al. 2016;
Kohler et al. 2005; Laxen and Noordally 1987; Monn et al.
1997; Sajani et al. 2018; Scottish Government 2015;
Vardoulakis et al. 2011). Most of the literature studies that
have examined NO2 concentration fall-off with height have
done so at different heights on multi-storey buildings,
allowing an assessment of risk for residents due to pollution
from the busy roads below. Inmost of the studies, a significant
reduction in NO2 concentration is observed at the higher
heights, ranging from 11% (Sajani et al. 2018) to 40%
(Monn et al. 1997) for monitors placed at approximately
20m in comparison with ground level. Nevertheless, one such
study in Singapore found a more complex relationship be-
tween height and NO2 concentrations, with the middle floors
of a 22-storey building recording the highest NO2 concentra-
tions (16% higher at 17.5 m vs ground level, and then falling
with increasing height thereafter) (Cheong et al. 2012). This
unusual relationship was possibly due to the presence of a
dense tree canopy between the road source and the building.
Other factors that significantly affect the magnitude of the fall-
off in NO2 concentrations with height include seasonal effects
(Eeftens et al. 2019; Monn et al. 1997; Sajani et al. 2018)
street infrastructure, particularly street canyons (Amato et al.
2019; Vardoulakis et al. 2011), and distance from the kerb
(Kenagy et al. 2016).
For the present study, we are interested in the near-ground
relationship between NO2 concentration and height, i.e. the
difference in concentration at breathing heights of a child in
a buggy and that of an adult. The motivation for this study is
the varying practice across the UK concerning the NO2 mon-
itoring heights used by municipal authorities and how these
relate to the exposure of sensitive receptors. Ideally, diffusion
tubes should be placed at ‘breathing height’, to represent the
accurate exposure of the public to NO2. Nevertheless, UK
guidance recommends that diffusion tubes be placed at
heights of between 2 and 4 m to alleviate problems with theft
and damage (AEA Energy and Environment 2008; Kenagy
et al. 2016). In Newcastle upon Tyne, UK, where the current
study is located, diffusion tubes used by NCCwere positioned
at the height of 2.7 m above ground in 2017, though this
changed to 2.5 m in 2018 (Newcastle City Council 2018;
Newcastle City Council 2019). Therefore, an adult at an av-
erage breathing height of 1.7 m (Kenagy et al. 2016) will
experience NO2 concentrations approximately 1 m below
what was being monitored and reported by NCC for 2017;
this will be the case for many local authority areas across the
UK. The official guidance acknowledges that tubes placed at
heights above the breathing zone may ‘underestimate the ac-
tual concentrations to which the public are exposed’ (AEA
Energy and Environment 2008). The average breathing height
of children ranges from 0.7 to 1.5 m (Rivas et al. 2016),
whereas children in prams and strollers have breathing heights
of approximately 0.55m and 0.85m respectively (Sharma and
Kumar 2018). Therefore, children will experience NO2 con-
centrations at heights that are as much as 2 m below what is
being monitored and reported by NCC.
In this paper, we seek to examine the differences in mea-
sured NO2 concentrations as a function of height (0.7m, 1.7 m
and 2.7 m) at two separate roadside locations in the UK city of
Newcastle upon Tyne. The study arose from an opportunity to
incorporate additional sampling locations into the annual dif-
fusion tube monitoring programme operated by NCC.
Although such studies have been carried out in the past, nota-
bly that of Kenagy et al. (2016), who studied differences be-
tween NO2 concentrations at adult and child breathing height
at roadside locations in Edinburgh, our study differs in that it
is carried out at a greater distance from the road (the façade of
the buildings), and for an extended period of time (8 months)
and therefore for a wider range of meteorological conditions.
Methodology
The study was carried out in Heaton, a suburb of Newcastle
upon Tyne, UK, approximately 3 km from the city centre.
Heaton is a residential area with two primary schools, multiple
shopping streets and a light railway station (part of the Tyne
and Wear Metro system). We selected two locations along
Chillingham Road (UK road reference: A188), which is the
main shopping street for the area and has previously been
identified by NCC as a ‘hotspot’ area with regard to air pol-
lution and NO2 concentrations. Between 2008 and 2010, NCC
carried out air quality monitoring, using diffusion tubes, at
four locations along Chillingham Road; however, annual
mean concentrations were found to be below the EU, and
UK obligatory limit of 40 μg m−3 and so the monitoring was
discontinued. In recent years, traffic volumes have increased,
with an annual average daily traffic flow of 15,015 vehicles in
2018, representing an increase of 5% since 2008. The compo-
sition is 82% cars and taxis, 15% light goods vehicles, 1.2%
buses and 1.2% heavy goods vehicles (Department for
Transport 2020). There are several pedestrian crossing and
traffic-lighted junctions that cause traffic to build up in
stretches along the road.
Site 1 (X 427052, Y 566421) is situated at the northern end
of Chillingham Road (see Fig. 1), approximately 30 m from
Ravenswood Primary School. The site is positioned approxi-
mately 75m from the Coast Road (A1058) roundabout, which
causes frequent speed changes. The site is a 2-storey end-
terraced business premises. NCC previously monitored the
same site between 2008 and 2010.
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Site 2 (X 427209, Y 565727) is situated at the southern end
of Chillingham Road (see Fig. 1), approximately 85 m from
Chillingham Road Primary School and approximately 375 m
from Chillingham Road Metro station. The site is positioned
next to a busy T-junction and a pedestrian crossing which
creates stop-start and idling traffic. The site is a 2-storey ter-
raced residential property and has several business premises in
close proximity. NCC previously monitored at a location 25m
from the site between 2008 and 2010.
Monitoring at the two sites was carried out with Palmes-
type NO2 diffusion tubes in accordance with UK guidance
(AEA Energy and Environment 2008; DEFRA 2016). The
study was carried out as part of the overall monthly NCC
diffusion tube monitoring programme.
Diffusion tubes use the principle of molecular diffusion to
determine NO2 concentrations (AEA Energy and
Environment 2008). When deployed, the cylindrical tubes
are positioned vertically with one capped end (top) and one
uncapped end (bottom) (see Fig. 2). Mass transfer occurs as
gas molecules diffuse from an area of high concentration
(uncapped end) to an area of low concentration (capped end)
(AEA Energy and Environment 2008). The capped end con-
tains two stainless steel grids coated in triethanolamine (TEA)
to absorb NO2 directly from the air (AEA Energy and
Environment 2008).
The tubes were mounted at heights of 0.7, 1.7 and 2.7 m to
replicate child breathing height, adult breathing height
(Department for Transport 2020) and NCC sampling height
Fig. 2 Schematic of a diffusion tube
Fig. 1 Location of the monitoring sites in Newcastle upon Tyne, UK
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(for 2017), respectively. Drainpipes located approximately
7 m from the roadside were used for mounting purposes as
suitable pieces of ‘street furniture’. A spacer block measuring
approximately 5 cm was placed between the tubes and the
mounting surface to allow the open-ended tube to be exposed
to freely circulating air. The tubes and spacer blocks were
fixed to the drainpipes using a cable tie. The tubes were de-
ployed in accordance with the diffusion tube calendar sup-
plied by DEFRA (DEFRA 2019b). The exposure periods
consisted of 4- or 5-week blocks (i.e. 28 or 35 days) over
9 months (July 2018 to February 2019 inclusive; the start
and end dates of the exposure months were on
Wednesdays). The tubes were changed on specific dates, as
defined by the diffusion tube calendar (± 2 days).
The tubes were labelled with a unique sequentially num-
bered ID for logging purposes and each batch was placed in an
airtight bag before and after exposure periods. The tubes were
stored in a refrigerator and returned to SOCOTEC UK
Limited (formerly ESG) for laboratory analysis in accordance
with the standard guidance (AEA Energy and Environment
2008). At the laboratory, a colorimetric analysis technique
was performed using a continuous flow auto-analyser (CFA)
to determine NO2 concentrations by the quantification of the
colour change in comparison with that produced by a known
standard.
Diffusion tubes tend to under- or over-estimate NO2 con-
centrations for a variety of reasons, including variable wind
flow at the tube opening, within-tube reaction of nitric oxide
with ozone, and incomplete conversion of NO2 to nitrite in
warm, sunny, low humidity conditions (RH < 75%) (AEA
Energy and Environment 2008; Heal et al. 2019). As a result,
local authorities are required to quantify the bias of their dif-
fusion tube measurements and apply an appropriate bias ad-
justment factor. NCC carry out their own co-location studies
in which the accuracy of the diffusion tubes is verified by
exposure in conjunction with an automatic chemilumines-
cence analyser located at the Automatic Urban and Rural
Network (AURN) station at St Mary’s Place (Newcastle
City Council 2019). The NCC local bias adjustment factor
was 0.90 for 2018/2019 (personal communication from
NCC).
During this study, less than 1 year of NO2 diffusion tube
data was obtained, and so we applied the standard seasonal
adjustment approach used by local authorities in the UK
(DEFRA 2016). Equation 1 was used to carry out the adjust-
ment, where [NO2]Raw is the unadjusted NO2 concentration;
[NO2]SA is the seasonally adjusted NO2 concentration;
[AURNYear] is the annual average NO2 concentration mea-
sured by the chemiluminescence method at the Newcastle
City Centre (Background Urban) for the year beginning
July 2018; and [AURNPeriod] is the corresponding concentra-
tion for the 8-month sampling period of the study. The yearly
and period averages were 30.22 μg m−3 and 30.85 μg m−3
respectively, giving a quotient in Eq.1 of 0.980.
NO2½ SA ¼ NO2½ Raw
AURNYear½ 
AURNPeriod½  ð1Þ
Results and discussion
Trends in diffusion tube concentrations
The trends for the raw monthly NO2 concentrations at the
three heights, for the two sites, are shown in Fig. 3, and a
summary of the average concentration over the 8-month sam-
pling period is shown in Table 1. In addition, Table 1 shows
the bias-adjusted concentration at 2.7 m (the standard NCC
sampling height for diffusion tubemeasurements for 2017) for
the entire sampling period (applying a bias adjustment factor
of 0.9, obtained from a co-location study), together with a
seasonally adjusted concentration for the year beginning
July 2018, as described in the methodology. The bias- and
seasonally adjusted NO2 concentrations are both well below
the 40 μg m−3 EU limit. The concentration of NO2 at site 1 is
approximately 5μgm−3 lower than that at site 2. Both sites are
Fig. 3 Monthly trends in NO2 concentration measured by diffusion tubes
at two different locations: (a) site 1 and (b) site 2. Three height locations
were monitored at each location, as specified in the legend. All measure-
ments are raw data, as received from the laboratory, and are uncorrected
for bias or seasonal effects
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prone to traffic build-up and stop-start traffic, though this is
more significant at site 2, given the close proximity to a T-
junction and pedestrian crossing. The general trends for
monthly NO2 concentrations shown in Fig. 1 are typical of
the annual European pattern of NO2 concentrations, with the
highest concentrations observed in winter months due to me-
teorological conditions such as ground-level temperature in-
versions and increased use of domestic heating (Hazenkamp-
von Arx et al. 2004).
In Table 2, the differences between NO2 concentration at the
three sampling heights are depicted as (a) the difference between
the unadjusted mean values for the sampling period, taken from
Table 1, and (b) the average difference for pairwise comparisons
of rawmonthly NO2 concentrations (both asμgm
−3 and%). By
both measures, there are differences in NO2 concentrations
between the heights, with higher concentrations prevalent at
the lower heights. The significance of these differences was
tested using a paired sample t test analysis (two-tailed) on the
raw monthly NO2 concentrations from diffusion tubes for each
combination of sampling heights (2.7 m vs 1.7 m, 2.7 m vs
0.7 m and 1.7 m vs 0.7 m). The t tests were carried out on data
from each site separately and for both sites combined. The com-
bined analysis is justified because the distance of the diffusion
tubes to the kerbside was the same for both sites (7 m) and the
same approach was used for a similar study carried out by
Kenagy et al. (2016).
For site 2, all pairwise height comparisons show that the
NO2 concentration is lower at the higher of the comparison
heights; however, none of the comparisons are statistically
significant. For site 1 and the combined set of data, the con-
centration at 0.7 m is significantly higher than at both 1.7 m
and 2.7 m. However, there is no statistically significant differ-
ence in concentrations between 1.7 and 2.7 m, i.e. between
adult breathing height and the sampling height used by NCC.
For the combined set of data, the difference in concentration
between NCC sampling height and a child breathing height is
1.32 μg m−3, or 4.71%.
Comparison with other studies
Table 3 compares a range of literature studies, both for short
vertical distances, as in our case, and for those that have been
conducted on tall buildings, as already discussed. Of the stud-
ies listed in Table 3, only two have investigated the variation
in NO2 concentrations near to the ground (Kenagy et al. 2016;
Scottish Government 2015). The significantly higher NO2
concentration measured in our study at 0.7 m compared with
that at 2.7 m (site 1 and the combined data set) is in agreement
with research carried out by Kenagy et al. (2016). They found
that tubes placed < 5 m from the kerb in a busy Edinburgh
street were 8.7% lower at 2.0 m compared with that at 0.8 m.
This same study found that tubes placed > 5 m from the kerb
Table 2 Differences in NO2 concentrations for each height comparison,
at two different locations, and also for all data combined. Two measures
of difference are calculated: firstly, the differences in the unadjustedmean
value values from Table 1 and secondly, the average difference from the
paired tubes for each month, from which a p value is also calculated. The
unadjusted mean refers to the raw data, as received from the laboratory
Site Comparison n (months) Difference in unadjusted
mean [NO2] (μg m
−3)
Average difference for
paired values (± sd) (μg m−3)
Average difference for paired
values (± sd) (%)
p value for paired
t tests
1 2.7 m vs 1.7 m 7 − 0.01 (− 0.04%) 1.24 (1.91) 4.43 (5.96) 0.162
2.7 m vs 0.7 m 8 − 1.62 (− 5.87%) − 1.63 (0.53) − 5.91 (1.24) 0.000
1.7 m vs 0.7 m 7 − 1.61 (− 5.83%) − 2.94 (1.92) − 11.40 (7.38) 0.010
2 2.7 m vs 1.7 m 7 − 0.74 (− 2.23%) − 0.17 (2.48) − 1.88 (7.97) 0.871
2.7 m vs 0.7 m 8 − 1.01 (− 3.06%) − 1.01 (1.68) − 3.66 (5.50) 0.157
1.7 m vs 0.7 m 7 − 0.27 (− 0.80%) − 1.06 (2.13) − 2.84 (5.80) 0.269
1 and 2 2.7 m vs 1.7 m 14 n/a 0.54 (2.32) 1.32 (7.49) 0.421
2.7 m vs 0.7 m 16 n/a − 1.32 (1.29) − 4.71 (4.27) 0.001
1.7 m vs 0.7 m 14 n/a − 2.00 (2.24) − 7.12 (7.89) 0.007
Table 1 NO2 concentrations calculated from the 7- or 8-month moni-
toring period at each height. The unadjusted mean refers to the raw data,
as received from the laboratory; the bias-adjusted mean has been
corrected using a factor of 0.9, determined from a co-location study and
the bias/seasonally adjusted concentration has been further adjusted to
account for seasonal effects of the monitoring period, as described in
the text
Site Height
(m)
Sample
period
(months)
Unadjusted
mean [NO2]
(μg m−3)
Bias-
adjusted
[NO2]
(μg m−3)
Bias and
seasonally
adjusted [NO2]
(μg m−3)
1 0.7 8 29.20 (6.90) n/a n/a
1.7 7 27.59 (6.34) n/a n/a
2.7 8 27.58 (6.52) 24.82 24.32
2 0.7 8 34.06 (7.10) n/a n/a
1.7 7 33.79 (6.35) n/a n/a
2.7 8 33.05 (7.34) 29.75 29.14
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Table 3 Comparison of literature results for vertical differences in NO2 concentration
Location Type and comparison
height range of monitors
Distance from
kerb
Duration and frequency Findings for NO2 (reported as higher vs lower
heights)
Reference
Newcastle
upon Tyne,
UK
DT at 0.7 m, 1.7 m and
2.7 m for two
locations
7 m at
building
façade
8 months, with tubes
changed every 4–5 weeks
Both locations showed no significant
difference at 2.7 m vs 1.7 m; one location
and combined dataset showed that NO2
concentration was 4.7–5.9% lower at 2.7 m
vs 0.7 m and 7.1–11.4% lower at 1.7 m vs
0.7 m. Based on 48 paired comparisons (2
locations; 3 heights; 7 months).
This work
Edinburgh,
UK
DT at 0.8 m (child in
buggy) and 2 m (adult
breathing zone)
0.4 to 4.7 m 1 week 8.7% lower at 2.0 m vs 0.8 m (for all data
< 5 m from kerb). Based on 84 paired
comparisons (< 5 m from kerb).
Kenagy et al.
(2016)
Glasgow, UK AQMesh at 0.8 m (child
in buggy) and 1.68 m
(adult)
0 m (mobile
monitoring
trolley)
Total of 6 weekdays and two
weekend days, taken
between 03/14 and 08/14
(07.00 to 19.00)
Up to 15% higher at 1.68 m vs 0.8 m at busy
junctions; no significant differences at low
ambient concentrations. Based on 61 paired
comparisons of average hourly
measurements.
Scottish
Governm-
ent (2015)
Birmingham,
UK
DT 2.4 m to 9.5 m on
multi-storey buildings
5.5 m
(façade)
13 4–5 week periods ~ 24% lower at 9.5 m vs 2.4 m (winter, read
from graph). Based on mean of 13 DT
measurements
Vardoulakis
et al.
(2011)
Barcelona,
Spain
DT up to 33 m on
multi-storey buildings
Building
façade
2–4 weeks 10% lower at 15 m vs 3 m. Based on 28
vertical profiles
Amato et al.
(2019)
Basel,
Switzerla-
nd
DT up to 20 m on
multi-storey buildings
Building
façade
14 day period in both winter
and summer
4.1% lower at 5 m vs ground floor
(1.8–2.9 m) in winter; 5.4% lower at 5 m
vs ground floor in summer. Based on
exponential decay model using
measurements from DTs placed on 25
buildings (N = 72 for winter and 69 for
summer with median value chosen for
decay constant)
Eeftens et al.
(2019)
Bologna,
Italy
DT, 2 m to 65 m Building
façade
15 day period in both winter
and summer
~ 17% lower at 15 m vs 2 m (summer, read
from graph); ~ 11% lower at 15 m vs 2 m
(winter); 39% lower at 65 m vs 2 m
(summer); 74% lower at 65 m vs 2 m.
Findings based on one set of measurement
taken in both winter and summer
Sajani et al.
(2018)
Zurich DT, at 3.5 m and 20 m Building
façade
7 day exposure, during: Nov
to Jan 1995 and June to
Aug 1995
~ 40% lower at 20 m vs 3.5 m (summer, read
from graph); no significant difference
during winter. Vertical profile, as part of a
larger spatial study, was based on one set of
measurements taken in both winter and
summer
Monn et al.
(1997)
London, UK DT 2.5 m and at 18.5 m ‘Back of
pavement’
1 week exposure period
during Feb 1995 and
June 1995
15–30% lower at 18.5 m vs 2.5 m. In
summer, there was evidence of a small
increase in concentration at 7 m vs 2.5 m.
Values read from graph. Findings based on
one set of measurement taken in both
winter and summer
Laxen and
Noordally
(1987)
Heidelberg Chemiluminescence Test tower,
60 m
downwind
from a
motorway
12 h ~ 20% lower at 10 m vs 5 m for a site
downwind of a motorway; and < 2% lower
at 10 m vs 5 m for a site upwind of a
motorway (read from graph; findings based
time-integrated continuous measurements
over 12 h)
Kohler et al.
(2005)
Singapore DT, ground level to 50 m
on high rise buildings
30 m downwind of an
expressway
Building
façade,
20 m from
express-
way
5 week exposure periods
during Dec to March and
June to Sept
12–16% higher at 17.5 m vs ground level
(read from the graph). Based on profiles
presented for two buildings
Cheong et al.
(2012)
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did not show a significant difference. Moreover, upon analysis
of sub-groups within the < 5 m data, Kenagy et al. (2016)
found that the significance in differences between heights
does not extend beyond 2 m, which contradicts our results
for site 1, and the combined dataset, but is in agreement with
our results from site 2.
However, our findings for site 1 and the combined dataset,
and those of Kenagy et al. (2016) for diffusion tubes < 5 m
from the kerb, directly contradict a study published by the
Scottish Government, who used a mobile road-located trolley
to measure concentrations at 0.8 m and 1.68 m. The Scottish
Government study found that NO2 concentrations were 15%
higher in adult breathing height compared with that in chil-
dren’s breathing height at busy junctions, though no significant
difference was observed for low ambient concentrations
(Scottish Government 2015). The discrepancy between studies
is most likely explained by methodological differences, such as
the siting of the monitor on the road, where the chemistry will
be different. Also, the Scottish Government study used an elec-
trochemical method (AQMesh) which has been shown to need
additional correction to bring it in line with co-locatedmeasure-
ments from reference monitors (Cordero et al. 2018). However,
these contrasting findings do highlight a general difficulty in
the literature about firmly establishing relationships between
NO2 (and other pollutants) with height, and on setting guidance
on the placement of diffusion tubes and other monitors.
Public health implications
Our study has shown that there is no significant difference in
NO2 concentration between diffusion tubes placed at 1.7 m
(adult breathing height) compared with that at 2.7 m.
Consequently, there is no evidence that the use of locations
higher than adult breathing height by many municipal authori-
ties in the UK is likely to lead to underreporting of NO2 con-
centrations with respect to the guideline values. This finding is
important because UK government guidance allows local au-
thorities considerable leeway in determining the height at which
diffusion tubes are placed, so as to minimise theft and damage
(Kenagy et al. 2016). The variability in practice across the UK is
demonstrated by Table S1 in the supplementary material, which
shows typical ranges of diffusion tube heights used by local
authorities, as detailed in their Annual Status Reports (Progress
Reports in Scotland andWales), which are submitted toDEFRA
as part of the LAQM process in the UK (DEFRA 2016).
However, our study has provided evidence to support pre-
vious literature observations (Kenagy et al. 2016) that the
standard practice of locating diffusion tubes at heights either
at or above adult breathing height in the UK may lead to an
underestimation of the concentration of NO2 experienced by
children, either walking or in prams and buggies. These con-
cerns have been highlighted in the literature for nitrogen di-
oxide, particulate matter and other pollutants (Sharma and
Kumar 2018). In the present study, at site 1, we found that
NO2 concentrations over an 8-month period were 5.9% lower
at the NCC standard diffusion tube height (2.7 m) compared
with at children’s breathing height (0.7 m). Moreover, we
have shown that the zone in which these vertical concentration
differences are significant may extend to at least 7 m, which is
considerably further than reported by Kenagy et al. (2016).
These findings have clear public health implications as they
indicate that children, in an urban setting and close to busy
roadways, may be exposed to higher NO2 concentrations
compared with those experienced by an adult in the same
location. The health effects of air pollution are amplified in
vulnerable groups such as young children, especially those
with pre-existing medical conditions such as asthma
(Esposito et al. 2014; Favarato et al. 2014). Young children
are considered vulnerable because their organs and immune
systems are still developing and are therefore more susceptible
to the damaging effects of air pollution (Paulin and Hansel
2016).
To emphasise the potential influence of sampling height on
LAQM inNewcastle upon Tyne, we have calculated the effect
of placing diffusion tubes at heights of 0.7 m instead of 2.7 m
across the city. We have assumed a 4.4% increase in NO2 at
all diffusion tube locations (based on the percentage increase
at both sites combined), though we acknowledge the many
varying factors that influence vertical NO2 profiles, as already
discussed. Table 4 shows that based on 2017 data (Newcastle
City Council 2018), an extra five (out of 41) diffusion tube
locations would exceed the NO2 annual mean objective of
40 μg m−3 and a further five sites would potentially be in
exceedance of the NO2 1-h mean objective of 200 μg m
−3,
as they would exceed an annual mean of 60 μg m−3, which is
accepted as being indicative of an exceedance of the 1-h
guideline (DEFRA 2016; Laxen and Marner 2003). For data
collected during 2018, the effect is smaller with only two
additional diffusion tube locations exceeding the 40 μg m−3
guideline value and one location exceeding 60 μg m−3.
Conclusions
The passivemonitoring of two roadside locations for 8 months
along a heavily trafficked urban roadway in Newcastle upon
Tyne (UK) found that NO2 concentrations at child breathing
heights (0.7 m) were significantly different to those at adult
breathing heights (1.7 m) and Newcastle City Council (NCC)
2017 sampling height (2.7 m). Paired t test results showed that
NO2 concentrations at child breathing heights were on average
4.71% and 7.12% lower at 2.7 m and 1.7 m respectively com-
pared with that at 0.7 m. Nevertheless, there was variability in
the results, as when analysed separately, one of the sites did
not show a significant difference. The monitoring was carried
out at a greater distance from the road than with previous
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literature studies (7 m) and suggests that the zone in which
there is a significantly varying vertical NO2 concentration
profile at near-ground level has a greater extent than previous-
ly thought. Modelling carried out on diffusion tube data for
Newcastle upon Tyne from 2017 and 2018 indicates that if
diffusion tube monitoring was carried out at 0.7 m, corre-
sponding to the height of a child in a pram or buggy, there
would be an increase in the number of monitoring locations
that breached the 40 μg m−3 guideline value for NO2. Such a
pattern is likely across all municipal authorities that carry out
this type of monitoring, and so we should ask whether current
practice adequately takes into account the most vulnerable
receptors.
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